Background: LDLR is regulated by the E3 ubiquitin ligase Mylip/Idol. Results: FGF21 down-regulates Mylip/Idol expression and up-regulates its inhibitor Cnpy2/Msap. Conclusion: Increased LDLR by FGF21 results in increased lipoprotein uptake in human hepatocyte cells. Significance: The FGF21-mediated effect on cholesterol uptake is additive to that of statin, which may be of clinical significance.
The LDLR is a critical factor in the regulation of blood cholesterol levels that are altered in different human diseases. The level of LDLR in the cell is regulated by both transcriptional and post-transcriptional events. The E3 ubiquitin ligase, myosin regulatory light chain-interacting protein (Mylip)/inducible degrader of the LDL-R (Idol) was shown to induce degradation of LDLR via protein ubiquitination. We have here studied novel factors and mechanisms that may regulate Mylip/Idol in human hepatocyte cells and in mouse macrophages. We observed that FGF21 that is present in serum in different conditions reduced Mylip/Idol at the RNA and protein level, and increased LDLR levels and stability in the cells. FGF21 also enhanced expression of Canopy2 (Cnpy2)/MIR-interacting Saposin-like protein (Msap) that is known to interact with Mylip/Idol. Overexpression of Cnpy2/Msap increased LDLRs, and knockdown experiments showed that Cnpy2/Msap is crucial for the FGF21 effect on LDLRs. Experiments using DiI-labeled LDL particles showed that FGF21 increased lipoprotein uptake and the effect of FGF21 was additive to that of statins. Our results are consistent with an important role of FGF21 and Cnpy2/Msap in the regulation of LDLRs in cultured cells, which warrants further studies using human samples.
High blood low density lipoprotein (LDL)
2 cholesterol is a risk for development of cardiovascular diseases and atherosclerosis (1, 2) . Statins are used to lower cholesterol, and these drugs increase the amount of LDLRs at the cell surface (2, 3) . The LDLR mediates the uptake of LDL particles into cells, mainly hepatocytes, and the level of this receptor is modulated by both transcriptional and post-transcriptional mechanisms (4 -6) . It was recently shown that LDLRs are regulated by protein ubiquitination via Mylip/Idol that leads to LDLR degradation (7) . Mylip/Idol itself is induced by the sterol-responsive nuclear receptor, LXR that is activated by cellular oxysterols (7, 8) . The down-regulation of LDLR by Mylip/Idol represents a novel pathway to influence LDLR levels that may be amenable for drug intervention in various diseases (7) (8) (9) . Mylip/Idol was originally cloned in nervous tissue as a factor that inhibited neurite outgrowth, and it binds to myosin regulatory light chain (MRLC) and was therefore called MRLC-interacting protein, Mir (10, 11) . Subsequently, Mylip/Idol was linked to signaling by platelet-derived growth factor in fibroblast (12) , and to the regulation of LDLRs in macrophages/hepatocytes (7) and of VLDLR in neurons (13) . These results showed that Mylip/Idol plays a role in cell signaling and influences lipoprotein receptors and cellular lipid metabolism.
In this study, we have searched for novel factors that modulate Mylip/Idol and thereby possibly increase LDLR levels in cells. We have previously, using the yeast two-hybrid system, discovered a protein named Msap (MIR-interacting Saposinlike Protein) that interacts with Mylip/Idol in cells (14) . Msap is a type-2 transmembrane protein that has a saposin-like domain in its structure (14) . Msap belongs to the larger Canopy gene family of saposin-like proteins (SAPLIPs) (15) and is therefore here named Cnpy2/Msap. Cnpy2/Msap was shown to counteract the activities of Mylip/Idol, as evident from an increase in neurite outgrowth and cell migration that are both reduced by Mylip/Idol (14, 16) . We therefore hypothesized that Cnpy2/ MSAP constitutes a natural inhibitor/blocker of Mylip/Idol activity in different systems (9) . In this study, we examined the effects of Cnpy2/Msap on LDLR using mouse macrophage and human hepatocyte cell lines. We also studied fibroblast growth factor-21 (FGF21) that belongs to the FGF19 subfamily of fibroblast growth factors (FGFs) that has endocrine and metabolic functions in the body (17, 18) . Particularly, FGF21 has been linked to lipid metabolism (19, 20) . We, therefore, examined whether FGF21 may influence cellular lipid metabolism via LDLRs and whether the Mylip/Idol and Cnpy2/Msap pathways might be involved in these effects.
EXPERIMENTAL PROCEDURES
Reagents and Plasmids Constructs-Expression plasmids for Cnpy2/Msap (14, 16) , Mylip/Idol (8, 13) have been previously reported. The promoter region of mouse Mylip/Idol was cloned into the luciferase reporter vector to study gene activity.
Cell Culture, Transfections, and LDL Uptake-Mouse macrophage, Raw 264,7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (Invitrogen), and the human hepatocyte, Huh7 cell line in MEM with Glutamax (Invitrogen) at 37°C and 5% CO 2 . Cells were transfected with 2-4 g of expression plasmids or short hairpin (sh)-RNA constructs (SABiosciences, MD) using Transfectin or Fugene reagents. Cells were stimulated with different concentrations of FGF21 (R&D systems) alone or together with 3 M simvastatin (Sigma) for various periods of times. The synthetic LXR ligand, GW3965 was used to induce Mylip/Idol, and actinomycin D (Sigma) to inhibit gene transcription, and Mg132 (Sigma) to block proteasomes.
To assay LDL uptake, 5 g/ml DiL-LDL (Molecular Probes) was added to the medium, and cells incubated further for 6 h at 37°C. Cells were lysed, and the amount of DiI-LDL taken up was measured by a fluorometer and the values corrected for the total amount of protein. Dynasore (Sigma) inhibiting endocytosis was used as a negative control for the assay and blocked LDL uptake.
Raw 264,7 cells were also treated with native or acetylated LDL prior to stimulation with FGF21 to study foam cell formation. Native LDL was isolated from fresh human plasma by ultracentrifugation (21) , and LDL was acetylated in the presence of acetic anhydride as described by Goldstein et al. (22) . Cellular cholesterol ester deposition was imaged and quantified by Oil Red O staining. For colorimetric quantification, the cells were extensively washed with PBS, and the stain was solubilized in isopropanol. A 490 was determined, and the results were normalized for total cell protein.
Immunoblotting and Immunoprecipitation-Cells were lysed, and immunoblots were made essentially as previously described (23, 24) . Protein concentrations were determined using the Bradford assay and an equal amount of protein per sample was subjected to SDS-PAGE and blotted onto nitrocellulose filters (Amersham Biosciences, Helsinki, Finland). The filters were first incubated for 1 h in 50 mM Tris-HCl, pH 7.5, 150 mm NaCl, 0.1% Tween 20, and 5% skimmed milk and then overnight at 4°C with primary antibodies: Cnpy2/Msap (1:2000, Proteintech Europe), Mylip/Idol (1:1000, Abcam), anti-LDLR (1:2000; Cayman Chemical), rabbit anti-GFP (1:500, Chemicon), mouse anti-GFP (1:5000, Roche), and anti-␤-actin (1:5000; Sigma). After washing, the filter was incubated with horseradish peroxidase-conjugated secondary antibodies (1:2500; Jackson ImmunoResearch, Espoo, Finland), followed by detection using enhanced chemiluminescence (Pierce, Helsinki, Finland). Quantification was performed using GelDoc (Bio-Rad, Espoo, Finland).
To study ubiquitination, N2a neuroblastoma cells were transfected with GFP-ubiquitin and Cnpy2/Msap-dsRed, and V5-Mylip/Idol plasmids for 24 h. Half of the cells received 5 M MG321 (Sigma) to inhibit proteasomes. Lysates from precleared cell supernatants were incubated overnight at 4°C on a rotary shaker using 2 g/ml anti-LDLR or anti-V5 antibodies (Invitrogen). Immuncomplexes were bound to Sepharose-A for 2 h at 4°C and recovered by centrifugation. Beads were washed three times, and the samples resuspended in SDS-PAGE buffer and subjected to immunoblotting using anti-LDLR, antiCnpy2/Msap, anti-Mylip/Idol, or anti-GFP antibodies. Blots were quantified by densitometry.
Mylip/Idol Promoter Assays-Cells in 6-well plates were transfected for 24 h with 0.5 g of Mylip/Idol promoter luciferase reporter and using the Transfectin reagent followed by treatment with 50 ng/ml FGF21 and/or 1 M GW3965. To control for transfection efficiency, 0.02 g of Renilla luciferase pRL-TK was used. Cells were harvested after 48 h using Passive Lysis Buffer, and the Renilla and the firefly luciferase activities were measured using a luminometer (Promega, Biofellows, Helsinki, Finland) (25, 26) . Results are shown as fold increase in firefly luciferase normalized to Renilla activity.
RNA Isolation and Quantitative PCR-Total RNA was extracted using the RNeasy tissue kit (Qiagen) followed by cDNA synthesis essentially as described (13, 25) . DyNAmo TM HS SYBR Green (Thermo Scientific) real-time quantitative (qt) PCR assays were performed on a LightCycler 480 (Roche) with 384-well block. Each 10-l quantitative PCR reaction contained 1 l of the cDNA product, 1 l of 5 M each of the forward and reverse primers. The reaction was ran for 15 min at 95°C for initial activation of the enzyme, followed by 35 cycles of 10s at 95°C for denaturation, 30s at 63°C for annealing and extension. After completion of the reaction, the PCR products were subjected to a melting curve analysis spanning the temperature range from 65°C to 95°C with a ramping rate of 0.03°C/s. The specificity of the amplification was further con- firmed by electrophoresis on 2% agarose gels and stained with SYBR safe (Invitrogen). The results show the averages of four replicate experiments normalized to GAPDH. The following primer sequences were used for qtPCR: Cnpy2/Msap, forward (Fw), F 5Ј-GATCCTTCCGAATCAATCCA-3Ј and Reverse (rev)5Ј-CTCTGAGCGGGCATAAGGTA-3Ј; Mylip/Idol, Fw, 5Ј-TGTGGAGCCTCATCTCA-TCTT-3Ј and Rev, 5Ј-AGGG-ACTCTTTAA-TGTGCAAGAA-3Ј; LDLR, Fw, 5Ј-GCATC-AG-CTTGGACAAGGTGT-3Ј and Rev, 5Ј-GGGAACAGCCACCA-TTGTTG-3Ј; GAPDH: Fw-5Ј-GGGTTCCTATAAATACGGA-CTGC-3Ј and Rev, 5Ј-CCATTTTGTCTACGGGACGA-3Ј.
Stability of LDLR-Huh7 cells were stimulated with 50 ng/ml FGF21 to increase LDLR levels. 30 ng/ml actinomycinD was added to control and FGF21-treated cells to inhibit gene transcription (27) . Cells were the incubated for various periods of time, and the amount of LDLR was determined by immunoblotting.
Quantification and Statistics-Statistical comparisons were performed using one-way Anova followed by a Bonferroni posthoc test. The Student's t test was used in experiments with two groups with GraphPad Prism version 4.0 (GraphPad Software). Values are expressed as means Ϯ S.E., and p Յ 0.05 was considered significant. 
RESULTS

Cnpy2/Msap Affects LDLR and Mylip/Idol Levels in Cells-
Cnpy2/Msap was previously shown to bind Mylip/Idol and to counteract the effect of this protein on neurite outgrowth (14) . Data showed that overexpression of Cnpy2/Msap increased LDLR levels in the mouse macrophage Raw 264.7 cell line and in Huh7 human hepatocytes (Fig. 1A) . Cnpy2/Msap decreased Mylip/Idol in these cells (Fig. 1B) , while down-regulation of Cnpy2/Msap using shRNA constructs increased the levels of Mylip/Idol (Fig. 1C) . In control experiments, employing scrambled shRNA, there was no decrease in Mylip/Idol (Fig. 1D) . Experiments using GFP-Mylip and MSAP-dsRed constructs revealed a significant overlap of these two proteins showing that they partly reside in the similar compartment in the cell (supplemental Fig. S1A ).
Mylip/Idol has previously been shown to be a rather unstable protein (7, 10 -12) , and we reasoned that Cnpy2/Msap might partly act by influencing the degradation of Mylip/Idol. We studied this using Mylip/Idol transfected cells in the absence or presence of Cnpy2/Msap. The ubiquitination of Mylip/Idol was increased by MG132, which inhibits proteasomes (Fig. 2B) . Overexpression of Cnpy2/Msap strongly reduced Mylip/Idol levels and the ubiquitinated Mylip/Idol species were observed only after addition of MG321 to block further degradation (Fig.  2B) .
FGF21 Increases Cnpy2/Msap and LDLR Levels in Cells-FGF21 is a circulating endocrine signal known to have metabolic effects on glucose and lipid metabolism (18 -20, 26) . We therefore studied whether the effects of FGF21 on lipids are linked to LDLR and its regulation. Addition of FGF21 significantly increased LDLR and Cnpy2/Msap in cultured human hepatocyte and mouse macrophage cells (Fig. 3) . The effect of FGF21 on LDLRs was time and dose-dependent with an about 3.5-fold increase at 24 h of incubation (Fig. 3A) , and using 50 ng/ml FGF21 (Fig. 3C) . A similar time course and dose-dependence was also observed with regard to the increase in Cnpy2/ Msap by FGF21 (Fig. 3, B and D) .
Quantitative real-time PCR analyses revealed that FGF21 increased LDLR and Cnpy2/Msap mRNA levels in these cells showing an effect of FGF21 on gene expression (supplemental Fig. S1 ). This was also supported by data obtained using actinomycin D to block RNA synthesis that inhibited the increase in gene expression upon FGF21 stimulation. Fig. 1 , there is a reciprocal regulation of Cnpy2/Msap and Mylip/Idol in cells. In line with this, we observed that FGF21 decreased Mylip/Idol levels particularly at 50 ng/ml FGF21 (Fig. 4A) . Qt-PCR analyses showed that FGF21 decreased the mRNA levels of Mylip/Idol in these cells (Fig. 4B) . This was confirmed in experiments employing the Mylip/Idol promoter luciferase reporter construct that showed a significant reduction in gene activity by FGF21 (Fig. 4D) . Stimulation of Liver X Receptor (LXR) using the synthetic ligand, GW3695 was recently shown to increase gene expression of Mylip/Idol (7, 8) . We observed that the GW3695-mediated increase in Mylip/Idol was counteracted by FGF21 (Fig. 4D) , suggest that there is interplay between the LXR and FGF21 signaling systems in the regulation of Mylip/Idol in cells.
FGF21 Decreases Mylip/Idol in Cells and Affects the Half-life of LDLR-As shown in
Apart from its effects on Mylip/Idol transcription, FGF21 increased LDLR and Cnpy2/Msap mRNA levels in these cells (Fig. 4, E and F) , while Cnpy2/Msap overexpression decreased Mylip/Idol expression (Fig. 4C) . Collectively, thus data shows that FGF21 has a dual gene effect in these cells decreasing Mylip/Idol and increasing Cnpy2/Msap that leads to increased LDLR levels.
To study whether the decrease in Mylip/Idol induced by FGF21 influences the stability of LDLR, we pretreated cells for 20 h with 50 ng/ml FGF21 followed by the addition of actinomycin D to block gene transcription. LDLR levels decreased in control cells with a half-life about 6 h (Fig. 5) . However, this half-life was increased by FGF21 and LDLR levels remained stable for up to 12 h in FGF21-treated cells (Fig. 5) . Increased half-life and a decrease in receptor decay indicate enhanced www.jbc.org acted the increase brought about by FGF21 (Fig. 6B) . In control experiments, employing scrambled shRNAs, there was no decrease in Cnpy2/Msap nor in LDLR (Fig. 6C) . This shows that Cnpy2/Msap is crucially involved in the FGF21-mediated increase in LDLR.
It was also found important to study whether the regulation of LDLR by FGF21 requires Mylip/Idol using shRNA. This treatment itself significantly down-regulated Mylip/Idol and up-regulated LDLR levels (Fig. 6D) . FGF21 acted in the same direction and further decreased the level of Mylip/Idol reduced by the shRNA (Fig. 6D) .
We then studied whether Cnpy2/Msap levels influence the capacity of the cells to take up lipoprotein particles. Data showed that down-regulation of Cnpy2/Msap by shRNA decreased the uptake of DiI-labeled LDL into macrophage cells both in control and in cells treated with FGF21 (Fig. 6E) .
FGF21 Acts in a Parallel to Statin and Increases Uptake of LDL into Cells-Statins elevate LDLR in cells by enhancing
gene expression subsequent to a reduction in cellular cholesterol levels (3, 6) . We were interested to examine how the effect of statin relates to that observed with FGF21. Statin and FGF21 both significantly increased the levels of LDLR in human Huh7 cells (Fig. 7A) . FGF21 further increased the LDLR levels in cells that were treated with statins showing an additive effect of these two compounds (Fig. 7B) .
As shown using DiI-labeled LDL, treatment with FGF21 for 20 h increased the capacity of these cells to take up lipoprotein particles (Fig. 7C) . Co-treatment of the cells with FGF21 and statins further enhanced LDL uptake (Fig. 7C) , in accordance with the data on the LDLR levels. These results show that the increase in LDLRs by FGF21 is reflected in an increased cholesterol uptake into cells. In view of this, we also studied whether FGF21 may lead to foam cell formation that in the long-run might be harmful. However, data showed that FGF21 does not appreciably increase LDLR levels in mouse macrophage cells loaded with acetylated cholesterol (supplemental Fig. S1 , B and C), nor does FGF21 increase the cellular lipid content in already cholesterol loaded macrophages (supplemental Fig. S1D ). These data indicate that FGF does not lead to a cholesterol deposit as seen in foam cell macrophages in different cardiovascular diseases.
DISCUSSION
FGF21 together with the related molecules FGF19 and FGF23 constitute a subfamily of FGFs having endocrine functions in the body (17, 18) . FGF21 is present in human serum, and the levels are linked to metabolic diseases, such as type-2 diabetes and nonalcoholic fatty liver that are characterized by insulin resistance (28, 29) . FGF21, like FGF19, protects animals from diet-induced obesity and when overexpressed in transgenic mice (18, 30) . FGF21 also plays a role in lipid metabolism, and is increased by starvation (19, 20, 28 -32) . Levels of FGF21 in serum closely associate with liver fat content (32) , but the precise mechanisms by which FGF21 influences lipid metabolism in man is not fully understood. Recently, it was also shown that FGF21 could constitute a biomarker for human mitochondrial disorders (33) .
We show here that FGF21 rapidly elevated LDLRs in human hepatocyte and in mouse macrophage cell lines. The effect of FGF21 depended on the presence of Cnpy2/Msap and involved a down-regulation in Mylip/Idol levels. The increase in LDLR by FGF21 was reflected by an enhanced lipoprotein uptake into cells, which may be of physiological significance in clinical states with elevated FGF21 in the blood. It is not excluded that FGF21 or related factors might play a role also in the regulation of LDLRs under steady state conditions as this factor seems to be present normally in blood.
Statins are drugs in the clinic to lower blood LDL-cholesterol and to prevent against atherosclerosis and other cardiovascular diseases (1-3). These drugs act by inhibiting cholesterol synthesis in the cells, which leads to an increased LDLR gene expression. This is reflected in higher LDLR abundance on the cell surface with a beneficial effect on blood LDL-cholesterol. Like statins, treatment of cells with FGF21 increased LDLRs and LDL uptake. Important enough, this effect was additive to that of simvastatin, suggesting that it may be possible to enhance the effect of statins on LDLRs with FGF21, which could be beneficial in cases where statins show adverse effects or cannot be used in higher doses.
Cnpy2/Msap belongs to the Cnpy family of proteins having a saposin domain like that in the SAPLIPs with the ability to associate with cellular membranes (15) . Four Cnpy genes exist in the human genome and these proteins have a four amino acid sequence at their C-terminal end that resembles the classical KDEL motif for ER retention (15) . However, the precise functions of the Cnpy family proteins in the cell are not fully understood. We have previously shown that Cnpy2/Msap interacts with Mylip/Idol, counteracting the effects of Mylip/Idol on neurite outgrowth and on glioma cell migration (14, 16) . As shown here, Cnpy2/Msap had an opposite effect to that of Mylip/Idol in LDLR regulation. The precise domains in Cnpy2/ Msap binding to Mylip/Idol (14) are currently not known. As shown in immunoprecipitation experiments, Cnpy2/Msap influenced the ubiquitination and degradation of Mylip/Idol, acting possibly via an autoubiquitination mechanism that needs to be studied further. Apart from protein binding, we observed that Cnpy2/Msap overexpression decreased Mylip/ Idol mRNA levels. The mechanisms behind this remains to be studied, but it is interesting to note that Cnpy2/Msap has been associated with the endoplasmic reticulum and could thus affect signals activating different genes including Mylip/Idol. As shown here the stimulation with FGF21 increased Cnpy2/ Msap and decreased Mylip/Idol, which both led to an increase in the levels of LDLR in the cell. Experiments using RNA silencing showed that Cnpy2/Msap expression is crucial for the effect of FGF21 to down-regulate FGF2 lending credence to the view that Cnpy2/Msap plays an important role in LDLR and Mylip/ Idol regulation. Taken together, we show here that Cnpy2/Msap is an important regulator of LDLR levels in human hepatocytes and in mouse macrophage cells. Cnpy2/Msap acts in conjunction with Mylip/Idol, inhibiting its effects on LDLR degradation. Cnpy2/ Msap is crucial for the action of FGF21 in regulation of LDLR and cellular lipoprotein metabolism and is thus a novel factor to consider in lipid disorders. In future experiments, it will be interesting to study in more detail the mechanisms by which FGF21 influences Cnpy2/Msap and whether this protein is affected in human lipid disorders.
